Optimum conditions for the Fenton's reagent treatment of pentachlorophenol in a simplified soil system by Rauch, Paul
University of Nevada 
Reno
/
Optimum Conditions for the Fenton's Reagent 
Treatment of Pentachlorophenol in a Simplified 
Soil System
A thesis submitted in partial fulfillment of the 






The thesis of Paul Rauch is approved:
MINE!LIBRARY
TtfBSM









Funding for this project was provided through U.S. EPA Assistance Agreement 
No. R-814425-01-0. Additional assistance was provided by the National Science 
Foundation through Engineering Research Equipment Grant No. CE S-870 4878. I 
thank Dr. Richard Watts, Dr. Glenn Miller and Dr. Roger Jacobson for technical
assistance.
ABSTRACT. optimum conditions for the Fenton's reagent treatment of 
pentachlorophenol-contaminated silica sand was investigated as a basis for the in situ 
decontamination of surface soils. Fenton's reagent consists of hydrogen peroxide and 
ferrous iron which produces hydroxyl radical, a strong, nonspecific oxidant. In the 
presence of excess hydrogen peroxide, maximum pentachlorophenol degradation 
rates were observed at ferrous sulfate concentrations of 0.040% to 0.048% as Fe in the 
soil solution. The optimum iron concentration did not vary as a function of hydrogen 
peroxide dose or initial pentachlorophenol concentration. The hydrogen peroxide 
decomposition rate was directly proportional to the iron concentration, but was 
unaffected by initial pentachlorophenol concentration. The apparent first order rate 
constant for pentachlorophenol degradation decreased rapidly as a function of the 
initial pentachlorophenol concentration from 10 mg/kg to 10,000 mg/kg in the soil. A 
pilot study in which 250 mg/kg pentachlorophenol was treated suggests that Fenton's 
reagent treatment of contaminated soil may be cost competitive with other clean up 
methods.




Numerous uncontrolled hazardous waste sites are characterized by surface soils 
contaminated with toxic and biorefractory organic compounds (U.S. EPA, 1984a). In 
addition, over 18,000 hazardous waste spills occur each year in the U.S., requiring 
clean up of surface soils under emergency response conditions (Ryckman and 
Ryckman, 1980). Common hazardous materials include chlorinated phenols, 
polychlorinated biphenyls, solvents, and pesticides. Many of these compounds are 
hydrophobic and adsorb to soils where they remain close to the surface for long 
periods of time (Thomas, 1982). Several classes of contaminants are also slowly 
degraded in aerobic systems because of the existing high oxidation state of the 
molecules.
Excavation and disposal in secure landfills has been the most common method 
for the remediation of contaminated soils. This procedure is costly and may expose 
workers and the public to contamination. Furthermore, excavation followed by landfill 
disposal simply moves the contamination from one place to another.
The in situ treatment of contaminated soils has recently gained widespread 
attention, and will become commonplace as the land disposal of toxic residuals 
becomes more restricted (U.S. EPA, 1985). The introduction of strong oxidants via 
Fenton's reagent is a possible route of in situ soil treatment (U.S. EPA, 1984b).
Fenton's reagent is the reaction of hydrogen peroxide with iron (II) to form hydroxyl 
radical (Walling, 1975):
1
H20 2 + Fe+2 — > OH* + OH' + Fe+3 (1)
2
Hydroxyl radical is second only to flourine atom in oxidizing potential and is capable of 
non-specific oxidations (Rice, 1981). Fenton's reagent involves numerous competing 
reactions (Walling, 1975; Dorfman and Adams, 1973; Ingles, 1972):
H20 2 + Fe+3 - - >  Fe+2 + H+ + H 02* (2)
RH + OH* —~>H20  + R* (3)
Fe+2 + OH* -----> Fe+3 + OH' (4)
R* + Fe+3 —--> Fe+2 + products (5)
R* + OH------■> ROH (6)
R + H20 2 — -> ROH + OH* (7)
H 02* + F e ^ — > 0 2 + Fe+2 + H+ (8)
OH* + OH* — ■> h2o2 (9)
where RH represents an oxidizable substrate, R* is an alkyl radical and H 02* is 
superoxide radical.
Once hydrogen abstraction (Eq. 3) occurs, there are several reactions which R* 
can initiate. If R* reacts with hydroxyl radical (Eq. 6), a non-chain reaction results. 
However, a chain reaction occurs if R* reduces the hydrogen peroxide (Eq. 7) or iron 
(III) (Eq. 5) because iron (II) or hydroxyl radical will be produced which can cycle by 
Eqs. 1 and 3. Iron (II) can also compete for hydroxyl radical in the electron transfer 
described by Eq. 2. In addition, excess iron (III) in the system can accelerate the 
consumption of hydrogen peroxide through the oxygen-producing reactions described 
by Eqs. 2 and 8. Therefore, overall reaction efficiency will be sensitive to the
3
concentrations of the various solutes (Walling, 1975). Most Fenton's reagent research 
has been performed with low molecular weight aromatics, alcohols, organic acids, and 
carbohydrates (Walling, 1975; Walling and Johnson, 1975). These studies were 
concerned with the identification of intermediates and reaction pathways. More 
recently, Fenton s reagent was shown to degrade several mono-, di- and 
tri-chlorophenols in aqueous solutions (Barbeni, et al., 1987). Fenton's reagent was 
also effective in the degradation of trinitrotoluene (TNT) and 
1,3,5-trinitrohexahydro-s-triazine (RDX) in explosive laden soils (Kubarewicz, et al, 
1985). The concentrations of iron (II), hydrogen peroxide, and explosive substrate 
were important for optimum treatment conditions. Flowever, the optimum iron (II) and 
hydrogen peroxide concentrations for the Fenton's reagent treatment of contaminated 
soils have not been established.
Economical Fenton's reagent treatment of contaminated soils will require 
maximum contaminant degradation with minimum consumption of hydrogen peroxide. 
The purpose of this research was to determine optimum iron (II) and hydrogen 
peroxide concentrations for the Fenton's reagent treatment of pentachlorophenol in a 
simplified soil system. The effect of pentachlorophenol concentration on degradation 






Commercially available fine granular (40-100 mesh) silica sand was used as a 
model soil. The sand was spiked with pentachlorophenol in acetone, and the acetone 
was allowed to evaporate.
Soil treatment.
Soil treatment studies were carried out in completely mixed batch systems. A 
matrix of three hydrogen peroxide concentrations (2.0%, 6.5%, 13%) X 8 ferrous iron 
concentrations (0.008%, 0.016%, 0.024%, 0.032%, 0.040%, 0.048%, 0.056%, 0.064% 
as Fe in solution) was used for pentachlorophenol concentrations of 50, 250 and 2500 
mg/kg. Hydrogen peroxide concentrations of 0.05%, 0.2% and 0.5% were also used 
with the five lowest iron (II) concentrations for the 250 mg/kg pentachlorophenol
concentration. Hydrogen peroxide solutions were prepared by diluting 35% H20 2
(technical grade) to a concentration which, upon further dilution by 1 mL iron (II) 
solution, would yield the initial concentrations reported.
Treatment studies were conducted with 2.5g of spiked silica sand in each of five 
40 mL borosilicate glass vials. Hydrogen peroxide was added to each vial followed by 
1 mL of ferrous sulfate solution. The t = 0 vial received 1 mL of deionized water in 
place of the iron solution and was analyzed immediately for pentachlorophenol and 
hydrogen peroxide. The other four vials were adjusted
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to pH 3 by addition of 1M NaOH or 1M HCI.
The reactions were stopped by the addition of eight drops of concentrated 
H2S 0 4. Verification of the ability of concentrated H2S 04 to quench the reaction was
determined by simultaneously adding eight drops of H2S 04 to six reaction vials and 
monitoring pentachlorophenol degradation and peroxide consumption over eight 
hours. No changes in pentachlorophenol or peroxide concentrations were observed. 
Time periods were selected to account for apparent first order kinetics and to achieve 
at least 75% pentachlorophenol degradation.
Analysis
Hydrogen peroxide concentrations below 0.1% were monitored by iodate 
spectrophotometry (Masschelen, 1977). Higher concentrations were followed by 
iodometric titration with sodium thiosulfate (Shumb, 1955). Residual 
pentachlorophenol was followed by gas chromatography after ethyl acetate extraction 
from the soil. A Hewlett-Packard 5890A gas chromatograph with flame ionization 
detector and a 0.53 mm (ID) X 15 m Supelco SPB-5 capillary column was used. 
Chromatographic conditions were: initial oven temperature 100°C; final oven 
temperature 240°C; program rate 30°C/ min; injector temperature 200°C; detector 





Hydrogen peroxide consumption and pentachlorophenol degradation followed 
apparent first order rate kinetics. Although the reaction kinetics are complex, 
pentachlorophenol degradation and hydrogen peroxide consumption were 
constrained to initial first order kinetics by a linear fit of the natural logarithm of 
concentration as a function of time (R2>0.90). For the lower pentachlorophenol 
concentrations this assumption is reasonable, since pentachlorophenol degraded 
more rapidly than did the hydrogen peroxide. At higher pentachlorophenol 
concentrations this assumption was less valid. However, it was used as a model to 
compare pentachlorophenol degradation as a function of iron concentration within 
given initial pentachlorophenol concentrations.
Effect o f iron concentration.
Pentachlorophenol and hydrogen peroxide apparent first order rate constants as 
a function of iron concentration are shown in Figs. 1-3. These data show that for each 
hydrogen peroxide dose, the pentachlorophenol degradation rates proceeded through 
a maximum then declined with increasing iron concentration. The increase in 
pentachlorophenol degradation rates with iron (II) concentration, to the maximum at 
0.040-0.048% iron (II) in solution, may be explained by the increased production of 
OH* according to equation 1. Similar results were obtained by Barbeni, et al. (1987) 
for the Fenton's reagent treatment of chlorophenols in aqueous solution. The 
decrease in pentachlorophenol degradation rates at higher iron concentrations could 




(Eq. 9), oxidation of excess iron (II) by hydroxyl radical (Eq. 4), or a decrease in 
available iron due to precipitation of ferric hydroxide.
Hydrogen peroxide requirements and decomposition
Figs. 1-4 show that hydrogen peroxide consumption rates increased as a 
function of iron (II) concentration (Eq. 1). The iron (III) generated in Eq. 1 increased the 
decomposition of hydrogen peroxide, but at the expense of hydroxyl radical formation 
(Eq. 2). Kremer (1963), described a mechanism for the iron (II) decomposition of 
hydrogen peroxide (Eqs. 10-12).
Fe+3 + H 02" — >Fe+3H02- (10)
Fe+3H02- — > FeO+3 + OH' (11)
FeO+3 + H20 2 - >  Fe+3 + 0 2 + H20  (12)
However, Eqs. 10-12 do not result in the regeneration of iron (II). Regardless of the 
mechanism, the hydrogen peroxide decomposition rate increased as a function of the 
total iron in the system.
Figs. 2a-c show that the rate of pentachlorophenol degradation was significantly 
lower for initial peroxide concentrations below 2.0%. In addition, Fig. 5 
shows that there was a seven fold increase in degradation rates between hydrogen 
peroxide dosages of 0.5% and 2.0% with little change above or below these values. 
These data suggest that an initial hydrogen peroxide concentration greater than 2.0% 
is necessary to drive Fenton's reagent treatment.
The effect of iron (II) concentration on hydrogen peroxide decomposition rate
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constants for a hydrogen peroxide dose of 6.5% and three initial pentachlorophenol 
concentrations is shown in Figure 4. The increase in hydrogen peroxide 
decomposition rates was proportional to iron concentration. However, initial 
pentachlorophenol concentration had no effect on the consumption of hydrogen 
peroxide indicating that pentachlorophenol does not react directly with hydrogen 
peroxide at a significant rate. The reactions described by Eqs. 1,2,10,11, and 12 exert 
primary control on the rate of hydrogen peroxide decomposition rate, while the 
reaction:
Pentachlorophenol + H20 2 — > Products (13)
is not significant. No decrease in pentachlorophenol concentration was observed with 
no iron (II) addition, which confirms that the reaction described by Eq. 13 is 
insignificant.
Effect o f substrate concentration.
The optimum conditions for pentachlorophenol degradation ([H20 2] > 2.0%,
[Fe+2] = 0.040-0.048%) were consistent for initial pentachlorophenol concentrations of 
50, 250, 2500 mg/kg (Figs. 1-3). These conditions were therefore used to investigate 
the effect of initial pentachlorphenol concentration on degradation rates.
Ten initial pentachlorophenol concentrations ranging from 10 mg/kg to 10,000 
mg/kg pentachlorophenol were used to investigate the effect of initial substrate
concentration using [H202] = 6.5% and [Fe+2] = 0.040%. Apparent first order rate 




shown in Figure 6. The rapid decrease in kpenta with increasing initial substrate
concentration demonstrates that at high pentachlorophenol concentrations the reaction 
kinetics are not first order. Therefore, a first order comparison is not valid for evaluating 
possible substrate inhibition of Fenton's reactions. However, a plot of the mass of 
pentachlorophenol degraded in the first hour of reaction as a function of initial 
pentachlorophenol concentration was used to assess the effect of substrate 
concentration. Fig. 7 shows a significant decrease in the mass of pentachlorophenol 
degraded in the first hour when the initial concentrations was higher than 500 mg/kg. 
Fig. 7 does not show data for initial concentrations higher than 2500 mg/kg because 
the pentachlorophenol degradation during the first hour was negligable at these 
concentrations.
Hydrogen peroxide decomposition first order rate constants as a function of initial 
pentachlorophenol concentration are also shown in Fig. 6. These data show that 
under conditions of optimum iron concentration and excess hydrogen peroxide, 
increasing the pentachlorophenol concentration did not affect the rate of hydrogen 
peroxide decomposition. Thus, the reaction described by Eq. 13 is unimportant even 
at high pentachlorophenol concentrations. Although pentachlorophenol degradation 
is slower at high initial concentrations, hydrogen peroxide decomposition was 
unaffected.
Applications.
This research, using a simplified soil system, suggests that Fenton s reagent has 
potential for the in situ treatment of contaminated soils. In a field situation involving
surface application or subsurface injection, mass transfer limitations will probably be 
important. However, this research shows that reaction rates can be controlled, and a 
high volume combined with a low concentration of reagents could be used to reach the 
deeper zones of contamination, while maintaining a reaction rate sufficient to ensure 
degradation of the contaminants. The pentachlorophenol degradation rate was lower 
at high initial concentrations. However, rapid degradation was achieved at typical soil 
contaminant concentrations (< 1000 mg/kg). Thus, Fenton's reagent may provide 
effective treatment at many sites. Additional research is underway to determine the 
feasibility of using Fenton's reagent as an in situ soil treatment process. The results 
presented here will allow this research to be carried out under the most efficient 
reaction conditions.
A primary factor in assessing the effectiveness of Fenton's reagent for soil 
treatment will be the cost relative to excavation and landfill disposal. At $0.28/lb for 
50% H20 2,( U.S.EPA, 1985), a primary expense of Fenton's reagent treatment will
be the cost of hydrogen peroxide. A brief pilot study was conducted to provide a 
preliminary hydrogen peroxide cost estimate. One kg of soil consisting of 86.5% sand, 
11.0% silt, 2.5% clay, and 0.50% organic carbon contaminated with 250 mg/kg 
pentachlorophenol was treated in a 5L stainless steel reactor. Ten g of dry ferrous 
sulphate (FeS04*7H20) was thoroughly mixed with the contaminated soil followed by 
the addition of 2.7 L of 2.0% hydrogen peroxide. The soil and solution were mixed by 
placing the reactor vessel on an orbital shaker at 20 rpm. Soil and solution aliquots 
were collected and analyzed for pentachlorophenol and hydrogen peroxide.
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The results (Fig. 8) show that greater than 95% removal of the pentachlorophenol was 
achieved in 3.5 hours resulting in a final pentachlorophenol concentration of 13 
mg/kg, which falls below the 17 mg/kg TTLC value of the California Administrative 
Code, Title 22, Section 66700. Based on $0.28/lb for 50% H20 2 , the hydrogen
peroxide cost for 95% removal of the pentachlorophenol is $0.08/kg soil, or $64/m3 of 
soil with a bulk density of 800 kg/m3. Under these conditions, a Fenton's reagent 
treatment process would be cost competitive with landfill disposal or incineration.
This study, using completely mixed systems is applicable to a process in which 
the soil is excavated, placed in a reactor and mechanically mixed with the reagents. 
Other alternatives for the remediation of shallow soil contamination are the application 
of the reagents to the soil surface and/or subsurface injection. The in situ treatment 
applications may be more sensitive to soil and contaminant properties, as well as 
reagent concentration and volume.
Since this research is the first stage of Fenton's treatment optimization, an 
estimate of the total process cost would be premature. However, as ongoing research 
is completed, the cost of Fenton's reagent treatment under a variety of conditions and 
treatment procedures will be determined.
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SUMMARY AND CONCLUSIONS
Silica sand contaminated with three pentachlorophenol concentrations (50, 250, 
and 2500 mg/kg) was treated with Fenton's reagent using a matrix of hydrogen 
peroxide and iron concentrations The optimum reactant concentrations were 
consistent for the three levels of contamination. These reactant concentrations were 
then used to evaluate the effects of initial pentachlorophenol concentration on 
treatment efficiency.
Hydrogen peroxide dosages of 2.0% or above were required for maximum 
pentachlorophenol degradation. However, no significant increase in 
pentachlorophenol degradation was achieved by increasing hydrogen peroxide 
dosages above 2.0%. In the presence of excess hydrogen peroxide, the amount of 
iron (II) in solution controlled the pentachlorophenol degradation rate. The highest 
degradation rates occurred at concentrations of 0.040% to 0.048% Fe+2 in soil 
solution. The optimum iron (II) concentration did not vary with peroxide dose or 
pentachlorophenol concentration. Hydrogen peroxide consumption increased linearly 
with increased iron concentration, resulting in low treatment efficiency at the higher 
concentrations. Initial pentachlorophenol concentration had no significant effect on the 
hydrogen peroxide consumption rate. However, pentachlorophenol degradation rates 
decreased rapidly as a function of initial pentachlorophenol concentration. The 
optimum iron concentration did not vary significantly with hydrogen peroxide dose or 
initial pentachlorophenol concentration. Thus, an engineering scale up of the system 
may be simplified if this holds true for natural soils as well.
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The following symbols are used in this paper:
kpenta = apparent first order rate constant for pentachlorophenol 
degradation;
k|_|202 = apparent first order rate constant for hydrogen peroxide 
consumption
[Fe+2J = concentration of ferrous ion 
[H20 2 ] = concentration of hydrogen peroxide










Effect of iron concentration on pentachlorophenol and hydrogen peroxide 
apparent first order rate constants for 50 mg/kg pentachlorophenol and 
hydrogen peroxide dosages of: a = 2.0%, b = 6.5%, c = 13%.
Effect of iron concentration on pentachlorophenol and hydrogen peroxide 
apparent first order rate constants for 250 mg/kg pentachlorophenol and 
hydrogen peroxide dosages of: a = 0.05%, b = 0.2%, c = 0.5%, d = 2.0%, 
e = 6.5%, f = 13%.
Effect of iron concentration on pentachlorophenol and hydrogen peroxide 
apparent first order rate constants for 2500 mg/kg pentachlorophenol and 
hydrogen peroxide dosages of: a = 2.0%, b = 6.5%, c = 13%.
Effect of iron concentration on hydrogen peroxide apparent first order rate 
constants for three substrate concentrations.
Effect of hydrogen peroxide dose on pentachlorophenol apparent first 
order rate constants for 250 mg/kg pentachlorophenol, and 0.040% Fe+2 
in solution.
Effect of initial substrate concentration on pentachlorophenol and 
hydrogen peroxide apparent first order rate constants for a hydrogen 
peroxide dose of 6.5% and iron concentration of 0.040% Fe+2 in solution.
Effect of initial pentachlorophenol concentration on the amount of 
pentachlorophenol degraded in the first hour of reaction, for an initial 
hydrogen peroxide concentration of 6.5% and intial iron concentration of 
0.040% Fe+2 in solution.
Percent of original pentachlorophenol and hydrogen peroxide as a 
function of time for pilot study using 1 kg of soil, 2.7L of 2.0% hydrogen 
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